Three-dimensional Finite Element Modelling of Soil Arching in Pile-supported Geogrid-reinforced Embankments  by Zhou, Wan-Huan et al.
doi: 10.1016/j.proeng.2016.06.081 
 
Three-Dimensional Finite Element Modelling of Soil 
Arching in Pile-Supported Geogrid-Reinforced 
Embankments 
Wan-Huan Zhou 1, Jun-Yuan Lao 1, Yisheng Huang 2 and Renpeng Chen 3 
1University of Macau, Macau, China 
2 China Three Gorges University, Hubei, China 
3 Hunan University, Hunan, China 
hannahzhou@umac.mo, laojunyuan@qq.com, hys2007@ctgu.edu.cn, chenrp@hnu.edu.cn, 
 
 
 
 
Abstract 
Soil arching has a significant effect on the behaviour of pile-supported geogrid-reinforced embankments 
due to its complex mechanics. In this study, a three-dimensional finite-element model was established 
to investigate the development of soil arching during the construction and static loading test on an 
embankment. The model was verified by comparing the variations in earth pressure on the pile cap with 
the measured data from well-instrumented full-scale model tests. A good agreement was found between 
the computed and measured data. The experimental and numerical results consistently showed that the 
arch foot moves from the edge to the centre of the pile-cap under static loading. Finally, the stress 
contours are presented to illustrate the development of soil arching during the processes of embankment 
construction and static loading. 
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1 Introduction 
A pile-supported geogrid-reinforced embankment is an effective method for improving ground-
bearing capacity and reducing embankment and differential settlement. Due to its merits of rapid 
construction, controllable deformation and global stability, it has been used widely for highway and 
high-speed railway construction on soft soil (Han and Gabr, 2003; Abusharar et al., 2009; Rowe and 
Taechakumthorn, 2011; Liu et al., 2015). The soil arching effect, a stress redistribution phenomena 
identified by Terzaghi (1943), plays an important role in the load transfer mechanism in pile-supported 
embankments. Therefore, a clear understanding of the evolution of soil arching and its intrinsic load 
transfer mechanism is of real practical significance for the improvement of embankment designs. 
Previous field and laboratory tests have revealed that the load on an embankment or the surcharge on 
an embankment concentrates on the pile because of soil arching (Brianҫon and Simon, 2012; Nunez, et 
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al., 2013; Hong et al., 2014). Chen et al. (2008) found significant deviations between the calculated and 
experimental results for the stress concentration ratios computed from different theories (Terzaghi 1943, 
Low et al. 1994, and BS8006, 1995). Most previous studies have focused on the vertical load transfer 
mechanism in pile-supported embankment, which is fully understood under static conditions. However, 
the horizontal distribution of stress on the pile-caps is still unclear. 
Due to its relatively low cost, time efficiency and its flexibility, numerical simulation analysis is 
commonly used in geotechnical engineering to investigate geotechnical problems and projects. For 
example, Filz et al. (2010) used an FDM approach to model piled-support embankments with geogrid 
reinforcements simulated as 3D plate, cable-net and axisymmetric models. However, to closely simulate 
field conditions, and thus achieve accurate predictions and reasonable explanations for the processes, a 
three-dimensional numerical model is critical. 
In this study, a three-dimensional finite-element (FE) model was established to investigate the 
evolution of soil arching within pile-supported embankments during embankment construction and 
under static loading; the model was based on a full-scale laboratory test with instrumentation. The 
project can be divided into the following parts: (1) determining the properties of the simulation 
materials; (2) verifying the performance (i.e. load transfer to the piles, stress distribution and tendency 
of motion) of the FEM model by comparing the computed results with the measured data in the model 
tests; and (3) performing a detailed investigation of the deformation process of soil arching and its shape 
evolution under these conditions. 
2 Numerical Simulation 
The simulation project described in this paper was based on a full-scale experimental model of a 
high-speed railway embankment, which was developed in a test chamber with a side width of 5.5 m, a 
length of 15 m and a height of 4 m in Zhejiang University, China (Chen et al., 2013, 2014, 2015a). The 
background information for the model test was described in detail by Chen et al. (2015b). Therefore, 
only a brief summary of the geotechnical conditions is given herein, followed by the presentation of the 
numerical simulation procedure. 
2.1 Project Description 
Fig. 1 shows the configuration of the selected case with the cross sections, including the pile-caps 
and subsoil (water bag), geogrid-reinforced sand cushion, subgrade, and track structures (the last part 
will not be considered here). The two geotechnical stages investigated under the static loading condition 
in this study are as follows: (1) embankment construction – the construction procedure was divided into 
eight steps as illustrated in Table 1; and (2) static loading test – all eight actuators simultaneously 
generated static loads on the track rails. The static loads at the interface of the embankment and concrete 
base increased step by step at increments of 4 kPa until they approached 40 kPa; then, the static 
surcharge on the embankment was released step by step back to the initial state of 0 kPa.  
 
Step 1 2 3 4 5 6 7 8 
Embankment Height (m) 0.25 0.9 1.3 1.7 2.1 2.5 2.8 3.2 
Table 1: Embankment construction steps 
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(a) Cross section of test model  
 
(b) Layout of pile-caps and water bags 
 
Fig. 1: Schematic of the full-scale test model (Chen et al, 2015b). 
2.2 3D FEM Model 
To closely simulate the actual field conditions, a three-dimensional numerical model was needed to 
make accurate predictions and to reasonably analyse the geotechnical engineering problems. Fig. 2 
presents the 3D simulation model for this case study, as built by the finite element software ABAQUS 
(Hibbitt et al. 2006), and based on the full-scale schematic of the test model shown in Fig. 1. The solid 
and structural elements were included in the 3D version of ABAQUS, which can perform total and 
effective stress analysis, consolidation analysis, seepage analysis, static and dynamic analysis, stability 
analysis, and so forth. Fig. 3 shows the 3D view of the finite element mesh of the numerical model, 
which consisted of 22,610 C3D8R (i.e. an eight-node brick, reduced integration, hourglass control) solid 
elements and 1,320 S4R (i.e. a four-node doubly curved thin or thick shell, reduced integration, 
hourglass control, finite membrane strains) shell elements. 
In the numerical modelling, to model the construction order and static loading, the simulation of the 
water bag, geogrid reinforcement, constitutive models and boundary conditions were determined and 
summarised as below. 
The construction filler and subsoil were modelled as linearly elastic-perfectly plastic materials with 
Mohr-Coulomb failure criteria, which were also successfully used by Han et al. (2007), Huang and Han 
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(2009), and Huang et al. (2009). The pile-caps and the water bags were modelled based on the actual 
layout as illustrated in Fig. 1(b) and the geogrid-reinforcement was modelled as a shell element 
embedded in a cushion layer, which can only sustain an axial force. Finally, for the interface contact 
between the pile-caps, surrounding filler and subsoil, both tangential and normal behaviour were 
included in the modelling.  
The whole modelling procedure was divided into two main stages. (1) The embankment construction 
process was simulated in eight steps, and the specifically constructed height of each filler was strictly 
consistent with field procedures. Hence, due to its important effect on the computed results, the ‘birth 
and death of an element’ technique was used in this modelling process to facilitate the construction order 
of the structures. (2) For the static loading test, to be consistent with field conditions, the numerical 
model used two analysis steps to simulate, respectively, the process of multi-stage loading and 
offloading from 0 to 40 kPa. The boundary conditions of the model were as follows: the horizontal 
displacements at x= -7.5 m, x=7.5 m, y= -2.75 m and y=2.75 m planes were set to zero, and the 
displacements at z=0 were set to zero in the three direction x, y and z. 
 
 
 
Fig. 2: Three-dimensional finite element mesh 
2.3 Properties 
The properties of all of the materials used in the numerical modelling are summarised in Table 2; 
most are based on the laboratory test results. The Poisson’s ratios of the materials were assumed to be 
equal to typical values and thus values for the elastic modulus of the embankment fill and the cushion 
layer were selected from the middle of their typical ranges (EPRI, 1990; Budhu M, 2000) to leave 
enough margin for variation in the subsequent parametric study. Moreover, to determine and calibrate 
the properties of the subsoil (water bags) used in the simulation model as compared to the field data, a 
large number of tentative calculations were conducted using the 3D model; the resulting, relatively 
reasonable combination of parameters is presented in Table 2. 
3 Results Analysis and Discussion 
More data can be retrieved from a numerical simulation than from a field test. Given the objective 
of this study, only the results pertinent to earth pressure in embankment construction and static loading 
test are presented and discussed here. Then a more detailed assessment of their contribution to the 
evolution of soil arching is discussed. 
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3.1 Earth Pressure Development 
Fig. 3 presents the variations in measured and calculated earth pressure with embankment height 
above composite ground under an embankment. At the centre of the embankment, the earth pressure 
calculated by the 3D finite element software agreed well with the field data. According to the numerical 
analysis and field measurements, the earth pressure on both the pile-caps and subsoil increased as the 
embankment height increased. Clearly, during the process of embankment construction, the 
concentration of intensive stress that occurred on the pile-caps can be explained by the stiffness 
difference between the subsoil and pile-caps and the soil arching effect.  
 
Material E  
(MPa) 
υ γ 
kN/m3 
φ 
(°) 
c 
(kPa) 
hs 
(m) 
Pile-Caps 3.25x104 0.2 - - - 0.2 
Geogrid 130.6 0.2 - - - 0.002 
Water Bags 0.45 0.4 - - - 0.2 
Surface Layer of Subgrade 45 0.28 19.6 41.2 2 0.4 
Bottom Layer of Subgrade 30 0.28 22.7 43.6 16.3 2.3 
Gravel Layer of Cushion 26 0.3 18.4 31.3 0 0.3 
Sand Layer of Cushion 22 0.35 17.6 26.7 1 0.2 
 Table 2: Material properties used in the FEM analysis 
 

 
Fig. 3: The characteristics of the changes in earth pressure with embankment height 
 
For the horizontal distribution of the earth pressure on the pile-cap, the values on both the corner and 
edge are larger than that at the centre, within the pile-cap area and subsoil; this further illustrates that 
the stress concentration on the centre of pile-cap is not yet apparent, and the arch foot of the soil arching 
is focused on the corners and edges during construction.  
The variations in measured and computed earth pressure under a static load from 0 kPa to 40 kPa 
are illustrated in Fig. 4. The computed earth pressure calculated by the 3D finite element analyses, which 
has been verified with field measurements, shows that the increasing trend is linear; this characteristic 
further explains the structural stability of the soil arching under the action of static loading. And also, 
the stress increment at the corner of pile-cap and of subsoil would keep larger than other parts during 
both the embankment construction and static loading process. 
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Fig. 4: Characteristics of the changes in earth pressure under static loading 
 
Moreover, to examine the planimetric position of the pile-caps, the differential amplification of the 
earth pressure with different positions was simulated. The details, given in Tables 3 and 4, showed that 
the largest increase occurred in the central area. These values of growth percentage showed that the 
position of the arching foot gradually moved closer to the centre, as part of the pressure was transferred 
to the central pile-cap. 
 
Experiment EP3 TP2 EP1 TS3 TS2 TS1 
Initial Load (kPa) 186.60 171.35 90.35 35.34 2.78 3.24 
After Load (40 kPa) 255.46 230.83 148.09 45.09 4.79 4.36 
Growth Amount (kPa) 68.86 59.47 57.74 9.75 2.00 1.11 
Growth Percentage (%) 36.90 34.71 63.81 27.59 71.95 34.32 
Table 3: The measured data from experimental test 
 
FEM EP3 TP2 EP1 TS3 TS2 TS1 
Initial Load (kPa) 185.76 170.13 108.23 35.81 12.59 13.71 
After Load (40 kPa) 242.61 223.63 162.18 42.27 17.70 17.48 
Growth Amount (kPa) 56.85 53.50 53.95 6.46 5.11 3.77 
Growth Percentage (%) 30.60 31.15 49.86 18.04 40.59 27.50 
Table 4: Results of the simulation performed by FEM 
3.2 Development of Soil Arching Shape  
The contour images of the deformed shape are plotted in Figs. 5 and 6; they show the distribution of 
stress and strain, and supply a basis from which to observe changes in stress and strain.  
 

 
Fig. 5. Deformed shape after embankment construction 
3D FEM of Soil Arching in Pile-Supported Geogrid-Reinforced Embankments Zhou et al.
612
  
Apparently, the stress concentration phenomenon occurred on the pile-cap and when the strain 
reached the maximum, the subsoil body around the pile-cap formed an arching shape. The shape of the 
soil arching gradually developed a pyramidical shaped top at both the middle and the edges during the 
embankment construction; as the static loading approached 40 kPa, the shape of the soil arching 
gradually became semicircular at the top and its height increased relative to the sides of the soil arching, 
but these changes did not occur in the middle of the embankment. 
 

 
Fig. 6. Deformed shape after static loading test 
4 Conclusions  
(1) During embankment construction, the pressure on the pile-cap would increases while the 
pressure on the subsoil would decrease due to the soil aching effect. The stress concentration 
area is large near the edge and corner of the pile-cap, but this phenomenon is not obvious in the 
centre of the embankment.  
(2) The largest amplification of bearable pressure occurred at the centre of both the pile-cap and 
subsoil, in part because the corresponding adjustment leads to internal stress of the foundation, 
suggesting that the arch foot moves to the centre as it evolves under t static loading. 
(3) As shown in the contour line of the deformed shape, the shape and size of the soil arching at the 
shoulder of the embankment as that in the middle, but its height increases with an increase in 
loading and that variations occurs only in the middle of the embankment, which can be 
explained by the fact that the central pile-cap bears most of the overlying strata loading during 
the load process. 
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